Abstract A key requirement for encoding the auditory environment is the ability to dynamically alter cochlear sensitivity. However, merely attaining a steady state of maximal sensitivity is not a viable solution since the sensory cells and ganglion cells of the cochlea are prone to damage following exposure to loud sound. Most often, such damage is via initial metabolic insult that can lead to cellular death. Thus, establishing the highest sensitivity must be balanced with protection against cellular metabolic damage that can lead to loss of hair cells and ganglion cells, resulting in loss of frequency representation. While feedback mechanisms are known to exist in the cochlea that alter sensitivity, they respond only after stimulus encoding, allowing potentially damaging sounds to impact the inner ear at times coincident with increased sensitivity. Thus, questions remain concerning the endogenous signaling systems involved in dynamic modulation of cochlear sensitivity and protection against metabolic stress. Understanding endogenous signaling systems involved in cochlear protection may lead to new strategies and therapies for prevention of cochlear damage and consequent hearing loss. We have recently discovered a novel cochlear signaling system that is molecularly equivalent to the classic hypothalamic-pituitary-adrenal (HPA) axis. This cochlear HPA-equivalent system functions to balance auditory sensitivity and susceptibility to noise-induced hearing loss, and also protects against cellular metabolic insults resulting from exposures to ototoxic drugs. We review the anatomy, physiology, and cellular signaling of this system, and compare it to similar signaling in other organs/tissues of the body.
Introduction
The cochlea is the mammalian peripheral organ responsible for detecting auditory stimuli. It is not new to think of the brain as a computational system, a dynamical system that encodes and stores information representing the past and present external world and anticipates future states. However, it is less often the case that peripheral sensory structures are considered as computational systems. Nonetheless, one may argue that peripheral processing of auditory stimuli is a complex, active computational process that depends not only on the function of numerous classes of cells but also on feedback originating from various levels. In general, these classes of cells must be able to establish a specific ionic environment conducive to encoding auditory stimuli, alter the mechanical compliance of the inner ear, and transform encoded stimuli into a neural code recognizable by the brain. Broadly classified, these cells fall into two types: the sensory cells, known as hair cells; and support cells, responsible for numerous aspects of cochlear function and homeostasis. Feedback is used for "antimasking"-the extraction of salient signals in a noisy background-as well as for controlling sensitivity. While the cochlea is clearly a computational system that must integrate past and present experience to prepare for future challenges, knowledge of the various elements important for cochlear-based computation, especially concerning cellto-cell communication, remains incomplete.
Sensitive hearing is critical for evolutionary success because of its roles in general communication, hunting prey, escaping predators, and mating. Thus, the ability to establish the most sensitive hearing possible, either by controlling the computational elements of the inner ear or generating filtering strategies useful for extracting information from a noisy background, should be under heavy genetic selection through evolution. Yet, the cochlea faces a significant biological problem when establishing very sensitive hearing that effectively limits the duration of maximal sensitivity. Hair cells are prone to damage and loss following exposure to constant moderate level sounds via metabolic insults (free radical formation, etc.), impact-like loud sounds, and numerous ototoxic compounds. Additionally problematic for mammals is that, unlike the case for birds and reptiles, hair cells do not regenerate, meaning that damage to or loss of hair cells translates to a permanent loss of frequency representation. The mammalian system must manage a balance between a need for the greatest sensitivity while at the same time not crossing into the realm of metabolic insult that could result in loss of hair cells. By establishing dynamic control over its own sensitivity, the cochlea ensures that loud sounds are encoded at an operating point that is less than its peak of sensitivity, thereby minimizing metabolic and physical insults, and preserving cochlear structure and function.
When sensitivity cannot be adequately controlled, or when the environment simply exposes the cochlea to high levels of sound, noise-induced hearing loss (NIHL) occurs. In the case of humans, the modern industrial environment represents a significant threat to the maintenance of normal hearing. Our environment constantly bombards us with high intensity, potentially damaging, sound. Noise pollution is growing and becoming more "personal" as in canal earphones become ever more popular. Not surprisingly, the numbers of cases of NIHL also continues to grow [1] .
Because mammalian hair cells do not regenerate, there must be an endogenous (local cochlear) mechanism(s) that helps establish and adjust cochlear sensitivity as a mechanism to combat NIHL and general metabolic stress. While a neural feedback mechanism between the lower brainstem and the hair cells and ganglion cells (the olivocochlear system) has been recognized since the 1940s [2, 3] , this system is a reactive servitor and probably functions over a relatively short time frame. Indeed, protection against noise trauma may not even be the evolved function for the olivocochlear system [4] , although there is ample experimental evidence to support its protective role under experimental conditions [5] . While the olivocochlear system may be sufficient in protection against NIHL if one can escape the overly loud environment, or when the loud sound is transient, it may not function optimally under prolonged exposures or at certain frequencies of auditory stimulation. Other mechanisms involving release of small active compounds, such as ATP, within the cochlea are also known to alter cochlear sensitivity [6] [7] [8] , and likely represent a faster solution to adjusting sensitivity, but knowledge regarding regulation of this system is incomplete. Thus, open questions remain pertaining to how the cochlea dynamically modulates its own sensitivity: what are the complete molecular signaling systems involved in generating and modulating cochlear sensitivity, and are there other signaling systems expressed in the cochlea that respond to auditory environments to protect against hearing loss? Though progress has been made in identifying various manipulations and treatments that confer at least partial protection against NIHL [9] [10] [11] [12] , mechanisms protecting the cochlea against its daily metabolic and physical stress remain less clear. Since small metabolic insults accumulate over time to culminate in greater damage and hearing loss [13, 14] , it is possible that the cochlea expresses an endogenous protective signaling system within its own cellular ensemble. An investigation into cochlear signaling systems involved in maintaining homeostasis and combating cellular stress seems warranted. Understanding such endogenous sources of auditory protection may also lead to novel targeted therapeutic strategies for prevention of cochlear damage and consequent hearing loss.
In this review, we summarize our recent work identifying and characterizing a cochlear peptidergic signaling system involved at various dynamic check-points of cochlear processing, serving to modulate cochlear sensitivity, and thereby its computational state. Beginning with our work demonstrating the expression of urocortin (Ucn1), a corticotropin releasing factor (CRF) family peptide, and the CRF receptors CRFR1 and CRFR2, in the rodent cochlea [15] , we have gone on to show that not only is CRF also expressed in the cochlea but the cochlea possesses an entire CRF-associated signaling system molecularly equivalent to the hypothalamic-pituitary-adrenal (HPA) axis [16] as well. Since activity of the classic CRF-induced HPA axis maintains system-wide homeostasis in response to stress, we have investigated whether this system plays a role in modulating the cochlea via an influence over various factors, including afferent function (i.e., setting sensitivity) [16, 17] and cellular response to metabolic insult [18] , thereby protecting the cochlea from damaging exposures to loud sounds. This review will cover the cochlear HPAequivalent signaling system, and suggest possible functions and mechanisms of action of this system based on what is known of similar systems expressed by other organs/tissues of the body. In general, we propose that the cochlear HPAequivalent signaling system functions within the cochlea as an independent homeostatic protective signaling system capable of regulating sensitivity and susceptibility to noiseinduced hearing loss. Cochlear CRF-based signaling systems act via the two CRF receptors. Activation of CRF receptors serve multiple functions: (1) developmentally, they dictate hair cell growth/maturation, afferent fiber targeting, and synapse formation at the inner hair cell; (2) are involved in modulating neural signaling, for example by regulation of glutamatergic signaling between hair cells and ganglion cells; (3) are involved in support cell-hair cell interactions, for example via modulation of purinergic communication that ultimately impacts the driving potential of the endolymph, thereby also modulating receptor potential generation in hair cells; and (4) promote cell survival/anti-apoptotic signaling in the face of metabolic insult. We will cover these major points and how they may be similar to mechanisms of action of CRF signaling in other tissues of the body.
The Cochlea and Effects of Noise Stress
The Mammalian Cochlea-Cells
The mammalian cochlea lies within the inner ear and contains hair cells, which are responsible for encoding auditory stimuli into the neural signals ultimately sent to the brain. In addition to the sensory hair cells, the cochlea is composed of numerous populations of "support" cells. The role of the support cells appears to be broad, and may include nutritive and metabolic support as well as simple structural support. Data suggest that a number of different support cell types located lateral to the sensory hair cells function to recycle ions back into the specialized compartment (scala media) above the hair cells, thus controlling the ionic composition of the fluid (endolymph) bathing the apical portions of the hair cells. The endolymph carries the electrical potential that allows sensory transduction to occur in the hair cells. The exact roles of various support cell populations are only recently being more vigorously investigated. While specific cell types will be described as required, a comprehensive review of all cell types of the cochlea is beyond the scope of this review. Excellent reviews on these subjects have been previously published [19] [20] [21] [22] , to which the reader is directed for more extensive information.
The Mammalian Cochlea-Functional Aspects
In the mammalian cochlea, sound detection is mediated by vibration of the basilar membrane, upon which sits the organ of Corti. Within the organ of Corti lie two populations of hair cells, the inner hair cells and outer hair cells, in addition to numerous populations of support cells immediately juxtaposed or in close association with the hair cells. The inner hair cells are connected to approximately 95% of the spiral ganglion cells and therefore represent the primary afferent transducers converting mechanical sound stimuli to the neural code that will travel to the brain. The outer hair cells are electromotile and their motion can amplify vibration of the underlying basilar membrane in response to sound. Consequently, the outer hair cells collectively comprise the cochlear amplifier [23] [24] [25] . The process of cellular-based amplification enhances the sensitivity of the cochlea and makes it an excellent sound detector, endowing it with the ability to detect very low intensity events. This directly leads to its ability to detect salient signals in a noisy background. In order to encode ambient sound, hair cells must be able to detect absence as well as presence of sound. This is generally accomplished by allowing the hair cells to remain spontaneously active. Thus, absence of sound will be encoded by the basal activity state of the hair cells rather than the complete absence of neurotransmitter release. The spontaneous activity of the hair cells demands that these cells be well equipped for handling potential metabolic insult, since any lapse in such protective signaling systems may leave the hair cell population at risk for damage and ultimate loss of frequency representation by the cochlea.
Noise-Induced Hearing Loss (NIHL)
The cochlea is constantly bombarded with sound in modern industrial societies due to ever-growing levels of noise pollution. The result is an increasing prevalence of noiseinduced hearing loss (NIHL). The National Institute of Deafness and Communication Disorders estimates that 15% or 26 million Americans between the ages of 20 and 69 have some degree of high-frequency hearing loss due to exposure to loud noise at work or in recreation (www.nidcd. nih.gov). According to a report published by the National Institute of Occupational Safety and Health in 1998, 30 million Americans are exposed to hazardous noise levels at work (DHHS NIOSH pub. [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] . While efforts have advanced to reduce noise in the work place, and NIOSH has tightened the criteria of acceptable workplace exposure from 90 dB to 85 dB, a new population of at-risk individuals has begun garnering more attention. A growing concern is the prevalence of hearing loss in children and young adults seemingly resulting from recreational activity, particularly use of portable music players. Results from the third National Health and Nutrition Examination Survey (NHANES) conducted by the Center for Disease Control between 1988 and 1994 revealed that 12.5% of the children investigated, representing roughly 5.2 million children between 6 and 19, displayed some degree of NIHL [1] . The motivation for preventing hearing loss stems from research demonstrating that individuals with hearing loss experience reduced social interaction, feelings of isolation and exclusion, depression, and even cognitive impairment [26] .
Exposure to loud sound can induce either a temporary or a permanent hearing threshold shift (TTS or PTS, respectively). Temporary threshold shifts are commonly experienced after exposure to excessive noise such as that experienced at a rock concert or at a nightclub. In these circumstances, hearing sensitivity decreases following the exposure but then recovers to normal levels within days or even hours. The mechanisms underlying TTS remain unclear, but one theory proposes that TTS involves a temporary lapse in stability of the organ of Corti, which supports both the inner and outer hair cells. Support cells surrounding the sensory hair cells impart structural support to the organ of Corti. In response to loud sound, the stiff, microtubule-filled pillar cells buckle, causing the height of the organ of Corti to decrease and the stereocilia of the outer hair cells to uncouple from the overlying tectorial membrane [27] . Because stereocilia deflection is required to stimulate the outer hair cells, the result is a relatively shortlived hearing impairment due to dysfunction of the cochlear amplifier. Despite the recovery in hearing thresholds following TTS, it is agreed that repeated exposures to sounds causing TTS can eventually lead to PTS. Intriguingly, new evidence suggests that even a single exposure to sound eliciting TTS can set the stage for permanent damage later in life. In one study, mice were exposed to traumatizing sound and then allowed to recover. Even after full recovery of hearing thresholds, loss of postsynaptic afferent terminals was observed over the short term followed by loss of afferent spiral ganglion neurons over the long term. Though this cell loss did not elicit a permanent change in hearing threshold, it likely entails functional consequences including difficulties with hearing in noisy environments and tinnitus [14] . Therefore, even a seemingly harmless noise producing only a temporary decrease in auditory sensitivity has the potential for long-term functional consequences.
Unlike TTS that results from reversible changes in organ of Corti structure, PTS results from overt loss of sensory hair cells or significant, irrecoverable stereocilia damage. The outer hair cells are most susceptible followed by inner hair cells and their innervation [28] . Typically, hair cell loss does not result from exposure to a single loud sound, but from a cumulative effect of repeated exposures. However, extremely intense sounds such as the impulse noise generated from a gunshot or firecracker can elicit hair cell loss and PTS with a single exposure. The permanence of this type of hearing loss arises from the fact that mammalian hair cells do not regenerate.
Biochemical Changes in the Cochlea Lead to Hair Cell Destruction
Repeated exposure to loud sounds causes both apoptosis and necrosis of hair cells in the cochlea [29, 30] . Accumulating evidence implicates generation of reactive oxygen species (ROS), and associated free radicals, as a major event leading to cochlear cell loss. These ROS are produced as a result of intense metabolic activity, and their levels increase as much as four times within hours of noise exposure [31] . Excess ROS production can activate caspase signaling cascades and initiate apoptosis, thereby leading to cell loss. Lipid peroxidation represents one process contributing to ROS formation, and studies show that the lipid peroxidation byproduct, 8-isoprostane, increases as much as 10-fold in cochlear tissues following noise exposure [32] . This isoprostane byproduct causes vasoconstriction and is thought to contribute to, if not cause, reduced cochlear blood flow in response to noise [33] . Reduced blood flow can in turn cause ischemia and enhance the production of more free radicals, thereby perpetuating the destructive processes initiated by noise. Importantly, ROS formation can continue to increase for sustained periods following the insult. For example, ROS formation in the cochlea peaks 7 to 10 days following noise exposure [34] , a finding that correlates well with the extended time frame over which hair cell loss and neural damage occurs after insult.
Although the best method of preventing NIHL is to avoid exposure to loud sounds, this is often difficult given the level of noise pollution in work and recreation environments. Sustained noise-induced biochemical changes such as increased ROS production and lipid peroxidation suggest that intervention is possible even after exposure occurs. Furthermore, recent work suggests that similar biochemical changes may underlie age-related hearing loss, a significant problem affecting the vast majority of elderly people. Therapies designed to prevent NIHL may also prove useful for preventing age related hearing loss. Based on the evidence demonstrating that free-radical production contributes to noise damage, investigators have sought to prevent cochlear damage and NIHL in animal models using a variety of anti-oxidative/trophic treatments individually or in combination. Treatments have included administration of glutathione precursors such as glutathione monoethyl ester (GSHE), superoxide dismutasepolyethylene glycol, and U74389F, a lipid peroxidation inhibitor. Also, increased dietary intake of antioxidant vitamins such as vitamin A and vitamin E has been shown to reduce NIHL [30] . However, these treatments have achieved limited success, most likely due to the fact that noise injury is a complex process in which ROS production comprises only one part. Identifying an endogenous stress response system within the cochlea that mounts a more coordinated, multifaceted defense against noise injury may be crucial for developing more effective strategies to prevent NIHL and similar cochlear dysfunction.
Endogenous Protection against NIHL
Susceptibility to noise damage varies from one individual to another, with some individuals showing greater resistance to NIHL than others. Therefore, endogenous factors must contribute to auditory protection and confer resistance to damage. Few sources of endogenous protection have been described, but several studies implicate the olivocochlear efferent system in prevention of NIHL.
The Olivocochlear (Auditory Efferent) System
The olivocochlear efferent system is one of the most wellcharacterized sources of auditory protection. It is comprised of two fiber systems, the medial olivocochlear system (MOCS) and the lateral olivocochlear system (LOCS), named according to their point of origin in the brainstem. The synaptic targets of these fiber systems are distinct, with the LOCS synapsing on afferent dendrites below the inner hair cells and the MOCS synapsing directly on the outer hair cells. The MOCS fibers contain γ-aminobutyric acid (GABA) and acetylcholine (ACh), and a clear link has been drawn between the level of cholinergic activity at the MOC synapse and the amount of auditory protection conveyed. Studies demonstrate increased resistance to noise damage in mice that either over-express the alpha 9 subunit of the nicotinic acetylcholine receptor (nAChR) or express a point mutation in the subunit that renders the nAChR more active due to hypersensitivity to acetylcholine and slow desensitization [5, 35] . Thus, individual variation in the activity of the MOC system could contribute to the observed variability in noise susceptibility, as indicated by a study in guinea pigs where the strength of the MOC reflex to incoming sound was a good indicator of resistance to NIHL [36] . Nonetheless, despite the ability of this system to convey noise protection, it is unlikely that it evolved for this purpose. The MOC system is present in several mammalian species and yet, for many of these species, the ambient noise encountered in their natural environment rarely reaches levels comparable to those shown to elicit MOC protective effects in the lab [4] . Therefore, it is more likely that protection from intense noise is a fortuitous side effect of the MOC reflex, and its actual evolutionary role in hearing more likely involves detection of salient signals (including speech) in a noisy background [37] [38] [39] [40] and facilitates sound localization in noise [41] . Clear identification of a system that has evolved to maintain cochlear homeostasis in the face of everyday physical and metabolic demands is still lacking. Such a defense system should work constitutively to modulate acoustic sensitivity based on past and present experience rather than functioning as a reactive feedback mechanism that only engages upon intense stimulation. Indeed, conditioning experiments that demonstrate toughening of the cochlea against noise insult following previous exposure to more moderate sound stimuli reveal that such an integrative defense system exists and, intriguingly, that systemic stress hormones appear to play an important role.
The Systemic HPA Axis-Induced Stress Response and Auditory Protection
The impact of the systemic stress response on auditory function and protection has been appreciated for decades. The systemic stress response involves a chain of events collectively coordinated via the hypothalamic-pituitaryadrenal (HPA) axis. In response to stress perceived across a variety of sensory systems, the hypothalamus releases corticotropin-releasing factor (CRF). CRF travels through the portal blood circulation of the hypophyseal stalk to the pituitary where it binds to its receptor, CRFR1, and initiates production of adrenocorticotropic hormone (ACTH) via proteolytic cleavage of its precursor pro-opiomelanocortin (POMC). ACTH is released into the systemic circulation and travels to the adrenal cortex where it binds to its receptor, the melanocortin 2 receptor (MC2R), and stimulates synthesis and release of glucocorticoids-cortisol in humans and corticosterone in rodents [42] . Glucocorticoids exert three major effects: (1) they stimulate release of adrenaline from adrenal chromaffin cells, (2) they stimulate gluconeogenesis to supply cellular fuel for a "fight or flight" response, and (3) they suppress immune response and inflammation.
A number of controlled experiments and clinical investigations have demonstrated roles for glucocorticoids in auditory function and protection. As early as the 1960s, clinical studies revealed that patients with adrenocorticosteroid deficiency presented with greater auditory sensitivity compared to normal volunteers [43] . Moreover, treatment with prednisone brought hearing thresholds up to normal levels, demonstrating that the observed hypersensitivity was related to levels of circulating corticosteroids. Similarly, other studies revealed that patients with Meniere's disease, an inner ear disorder affecting both cochlear and vestibular function, exhibited low levels of circulating corticosteroids. Administration of adrenal cortex extract improved auditory function in these patients [44] . One sphere in which steroids have an accepted and widespread use is in treatment of idiopathic sudden sensorineural hearing loss [45, 46] . Exogenously administered synthetic glucocorticoids also protect the cochlea against damage induced by ototoxic drugs, acoustic trauma, and ischemia/reperfusion injury [47] [48] [49] . Given the transcriptional role of glucocorticoid receptors, several molecular changes likely underlie the observed protection. In particular, experiments point to enhanced biosynthesis of glutathione, reduced secretion of tumor necrosis factor induced cytokines, and altered expression of apoptotic genes as some of the changes likely to combat the free radical damage and apoptosis associated with noise-and chemically induced cochlear damage [50] [51] [52] .
Evidence that endogenous glucocorticoid activity confers auditory protection came from studies investigating the role of the systemic stress axis in sound conditioning. Sound conditioning refers to a phenomenon whereby preexposure to sound stimuli toughens ears against subsequent noise trauma. Initial experiments used high-intensity sound stimuli to evoke protection against further trauma. These experiments produced variable results, largely due to differences in protocol. However, other experiments demonstrated that high-intensity conditioning stimuli were not required for auditory toughening [53] [54] [55] . Instead, exposure to moderate level or low level sound stimuli, even of short duration, could confer protection against acoustic insult. These studies suggested that toughening did not result from exposure to multiple insults, but rather, from adaptive processes set in motion by a more basic response to sound.
That sound activates the systemic stress response has been acknowledged for years [56] . In fact, even when not consciously perceived, as in sleep, sound exposure increases circulating stress hormones [57] . Studies suggest that sound-induced systemic stress may underlie some of the maladaptive consequences of constant noise exposure in the workplace such as elevated blood pressure and heart rate [58] . Thus, it is possible that activation of the systemic stress axis contributes to sound conditioning-mediated protection. The first experiments to indicate that nonauditory induction of the stress axis can induce auditory protection revealed that mice subjected to a 15-min heat stress exhibited a greater resistance to threshold shifts following acoustic insult than did non-stressed mice [59] . Restraint stress also produced auditory protection that directly correlated to levels of circulating corticosterone [60] . If the traumatizing stimulus was presented after corticosterone levels returned to normal, protection was no longer achieved. Thus, systemic corticosterone appeared to be an important component of acquired resistance to NIHL. A causal link was established by experiments that showed sound conditioning no longer yielded protection if HPA activation was disrupted via adrenalectomy or administration of glucocorticoid synthesis inhibitors and receptor antagonists [61] . Most recently, a corticosteroidresponsive transcription factor, promyelocytic leukemia zinc-finger protein (PLZF), was shown to mediate cochlear protection induced by acoustic conditioning stimuli and restraint stress [62] . In PLZF null mice, auditory protection was not generated by typical cochlear conditioning paradigms. Finally, an investigation into the role of the β2 nicotinic receptor subunit in auditory processing revealed that older β2 null mice, but not younger null mice, expressed higher than normal corticosterone. The increased level of corticosterone in the older null mice was found to contribute to a significant protection against noise-induced hearing loss [63] . Thus, these studies all implicated HPA activation, and more specifically, circulating glucocorticoids, as an endogenous source of cochlear protection, particularly the adaptations leading to acquired resistance against NIHL.
Despite the clear contribution of the systemic stress axis to auditory protection, findings from other experiments challenged the role of systemic HPA activation as the sole mechanism involved in acquired (condition-induced) resistance. In particular, a study designed to dissect out systemic versus local contributions revealed that animals undergoing sound conditioning with one ear plugged and the other left open to the sound stimuli produced unilateral protectiononly the ear left open to the preconditioning stimuli presented with resistance to auditory threshold elevation [64] . This finding suggested that systemic responses could not account for conditioning-mediated protection-if systemic responses were involved, both ears should have been protected even if acoustic exposure was limited to one ear. Instead, local adaptations must be responsible for acquired resistance. Could local adaptations within the cochlea share aspects of cell-cell signaling with classic HPA activation? One question in particular arises: are the same hormones involved in systemic stress response expressed within the cochlea to provide a local stress response system?
Beyond the Classic HPA Axis: CRF Peptide Signaling Throughout the Body Corticotropin releasing factor (CRF), the quintessential stress hormone initiating the systemic stress response, is a 41-amino-acid peptide that shares homology with three other peptides in mammals: Ucn1, Ucn2 (stresscopin-related peptide), and Ucn3 (stresscopin). All ligands of the CRF family bind to the same two G-protein-coupled receptors, CRFR1 and CRFR2, albeit with varying affinities. CRF has a high affinity for CRFR1 and a lower affinity for CRFR2, Ucn1 has an equal affinity for both receptors, and Ucn2 and Ucn3 bind CRFR2 exclusively [65] . Despite the well-characterized role of CRF signaling in HPA activation, CRF, the urocortins, and the CRF receptors are abundantly expressed outside of the HPA axis both centrally and peripherally. CRF receptors have been reported centrally in the amygdala, hippocampus, hypothalamus, lateral septum, bed nucleus of the stria terminalis, and the cerebellum [66] , and peripherally in the cardiovascular system, the gastro-intestinal tract, the reproductive organs, the kidneys, the liver, and the skin [67] . The CRF signaling system has been implicated in dendritic development in the cerebellum and hippocampus [68] , ischemia/reperfusion injury of cardiac tissue [69] , and psychiatric conditions including addiction, depression, anxiety, and post-traumatic stress disorder [70, 71] . Abnormalities in expression levels of CRF have also been implicated in neurological developmental disorders such as Rett Syndrome [72] .
Evidence that extra-hypothalamic sources of CRF signaling can mediate local stress response comes from numerous studies of the skin demonstrating expression of a fully functional HPA equivalent signaling system that responds to local stress independent of systemic HPA activation. Initial experiments revealed local synthesis of POMC (the pituitary hormone in the hypothalamic-pituitary-adrenal axis) in skin melanocytes and modulation of POMC expression by UVB radiation [73, 74] . CRF and the CRF receptors are also expressed in skin cells, and their expression can also be induced by UVB exposure, suggesting that together these peptides may be involved in a stress response signaling pathway similar to the systemic HPA axis [74] [75] [76] [77] . Finally, experiments in cultured human hair follicles revealed that this local stress axis is fully functional beginning with CRF stimulation, induction of POMC expression, production of ACTH, and release of cortisol [78] . Because these experiments were conducted in vitro, they showed that the HPA equivalent functions autonomously, independent from systemic neural, vascular, or endocrine influence. This cutaneous HPA equivalent regulates several normal and pathological processes in skin cells. It has been shown to play a role in keratinocyte proliferation and differentiation, hair growth, mast cell activation (important in immune responses and inflammation), and melanin production [79] . Dysregulation of this local stress axis has been implicated in several inflammatory conditions such as psoriasis, dermatitis, and acne [79] .
In addition to its protective role in the skin, CRF signaling counteracts oxidative stress in several tissues, an effect particularly relevant to the cochlea and noise damage.
Experiments in neuronal cell culture and cardiac myocytes reveal that application of CRF, Ucn1, or their receptor agonists prior to oxidative insult promotes cell survival [80] [81] [82] . The widespread expression of CRF family peptides combined with their protective actions against numerous insults suggests that local CRF signaling outside the systemic HPA axis is an important promoter of tissue homeostasis and protection. Like the skin, the cochlea is an organ under frequent stress due to direct exposure to external stimuli. Perhaps the cochlea also employs local stress hormone signaling to combat tissue damage caused by acoustic insult.
Urocortin is Expressed in the Cochlea
The first demonstration of CRF-like signaling in the cochlea came from a report revealing Ucn1 expression in the lateral efferent system terminals under the inner hair cells [15] , suggesting a role in modulating activity of the postsynaptic afferent cells. The lateral efferent fibers originate from cells in the lateral superior olive that have been shown to express Ucn1 [83] . Assessment of auditory function in Ucn1 null mice revealed that Ucn1 plays an important role in sound processing. Ucn1 null mice exhibited poor hearing sensitivity compared to wild-type mice [15] . Interestingly, Ucn1 null mice also exhibited defects in cochlear mechanics and cochlear amplification, suggesting effects beyond the afferent synapse. In addition to the baseline effects on auditory sensitivity, it was suggested that Ucn1 null mice were more susceptible to hearing loss than wild-type mice, although this was not directly tested. However, Ucn1 null mice exhibited a greater age-related decline in auditory sensitivity than did the wild-type controls, suggesting a greater susceptibility to hearing loss. Whether this more pronounced hearing loss resulted from an accelerated age-related decline or from a greater vulnerability to noise-induced damage was not examined. In either case, however, Ucn1 appears important not only for baseline auditory function but also for maintaining auditory sensitivity and cochlear homeostasis over time. Using in situ hybridization techniques, a widespread expression of both CRFR1 and CRFR2, receptors capable of binding Ucn1, was detected throughout the cochlea. The widespread expression of the CRF receptors compared to the restricted expression of Ucn1 within the inner spiral bundle implied that other members of the CRF system might be expressed and functional in the cochlea. Furthermore, the apparent impact of Ucn1 on auditory function suggested that CRF-like signaling represents an important regulator of acoustic sensitivity and susceptibility to hearing loss. These observations, combined with the well-established role of CRF-like peptide signaling in maintaining systemic and local homeostasis, make this system an excellent candidate for signaling systems involved in basal cochlear function and maintenance of cochlear homeostatic adaptation. Further elucidation of the role of CRF-like peptide signaling within the cochlea may provide insight for new therapies to prevent hearing loss based on the cochlea's endogenous stress response.
The Cochlea Expresses an HPA-Equivalent Signaling System
It is well recognized that the cochlea expresses glucocorticoid receptors [84] and that systemic HPA activation can influence hearing [60, 85] , presumably via delivery of systemic glucocorticoids through the circulation. Additionally, CRF expression has recently been described in the cochlea [16] , indicating that both the start point (CRF) and end point (glucocorticoid receptors) of the systemic HPA axis signaling are expressed in the cochlea. Classic systemic HPA axis involves CRF release from the hypothalamus. CRF binds to CRFR1 expressed by pituitary corticotropes and stimulates cleavage of pro-opiomelanocortin (POMC) to produce adrenocorticotropic hormone (ACTH). ACTH then travels via blood circulation to the adrenal cortex, where it binds melanocortin 2 receptor (MC2R, also known as the ACTH receptor), inducing production and release of glucocorticoids. Immunofluorescence was used to ascertain whether and where POMC, ACTH, and MC2R expression occurs in the cochlea [16] . All of these key HPA-related molecules were detected and anatomically mapped (Fig. 1) . A common site of expression for CRF, POMC, ACTH, and MC2R was the spiral ganglion cells. Otherwise, both POMC and ACTH were observed in support cells lining the inner sulcus and the lateral support cells (Claudius cells, Boettcher cells). Support cells immediately surrounding the organ of Corti also express CRF, CRFR1, and CRFR2 (Fig. 1) . However, despite this overlap, mismatches were also observed in the localization of POMC, ACTH, and CRFR1. For instance, the inner hair cell contained ACTH but little to no POMC and no CRFR1. The Deiter's cells were highly CRFR1-positive and also expressed abundant POMC and ACTH, but MC2R, the ACTH receptor, was only expressed in cells situated at a distance from this source. ACTH was abundantly expressed in Tectal cells and Hensen's cells, with little expression of POMC. Finally, while the spiral ganglion cells expressed POMC, ACTH, and MC2R, they did not express CRFR1. Such mismatches in expression of HPA components suggest that HPA-like signaling within the cochlea is not as straightforward as CRF binding to CRFR1 on a cell to stimulate breakdown of POMC and production of ACTH in that cell. Instead, the cochlear HPA equivalent signaling system likely represents a dynamic signaling system in which the components interact across the various cell types of the cochlea to orchestrate a concerted response between cell populations to organ-level stress. However, it should be stressed that the physiological and biochemical function(s) of various elements of the anatomically described system have yet to be revealed.
A major question that stems from these findings is why ACTH and POMC are sometimes not co-localized, such as in the case of Hensen's cells, given that ACTH is a breakdown product of POMC. One possible explanation involves different levels of POMC cleavage in different cells, yielding different levels of ACTH. It is possible that low levels of POMC reflect more POMC cleavage and high levels reflect less. Thus, cells expressing ACTH and little to no POMC may contain more of the enzyme PC1 and its cofactors that convert POMC to ACTH. Cells containing POMC with little to no ACTH may simply exhibit less POMC proteolytic activity or they may express the enzyme PC2 that converts ACTH to alpha-melanocyte stimulating hormone (α-MSH) as occurs in the brain and skin (reviewed in [42] ). Perhaps, ACTH is quickly converted to alpha-MSH and therefore goes undetected by immunofluorescence in those cells. POMC is also constitutively secreted by cells of the pituitary, medial hypothalamus, and skin [42] . Since POMC has been shown to directly stimulate melanocortin receptors, one cannot yet rule out directed secretion and physiological activity of POMC in the cochlea. Finally, experiments indicate that POMC can be processed extracellularly to produce its cleavage products, including ACTH-like peptides [86] . Direct signaling activity of POMC coupled with its constitutive transcription and secretion suggest that this molecule can act independently and eliminates the necessity for co-localization with either CRFR1 or ACTH. Together, the possibilities outlined above may explain mismatches in expression of CRFR1, POMC, and ACTH.
Classic HPA signaling involves release of glucocorticoids, among other bioactive compounds, that allow the organism to survive stressful events. For example, release of glucocorticoids is important for utilization of glucose by numerous organs. It is currently unknown whether the cochlear HPA-equivalent signaling system results in local production of glucocorticoids and related molecules. The question of local glucocorticoid synthesis has been investigated previously, but glucocorticoid-synthesizing enzymes were not identified in the cochlea [87] . However, other data indicate that local glucocorticoid production may take place in the cochlea. The initial step in steroid biosynthesis involves conversion of cholesterol to pregnenolone via cholesterol side chain cleavage enzyme. Pregnenolone is then converted to progesterone, which can be processed in two separate pathways, one producing sex steroids and one producing glucocorticoids. Corticosterone is created from its precursor 11-deoxycorticosterone via activity of steroid 11-beta-hydroxyalse (cytochrome P450 11B1, mitochondrial). Aldosterone, a mineralocorticoid, has been identified in the cochlea and is created from the same precursor in a two-step reaction that produces corticosterone as an intermediate. The enzyme aldosterone synthase accomplishes this two-step conversion. Interestingly, the prior experiments investigating steroidogenic enzymes in the cochlea detected presence of the enzymes responsible for the early phases of steroid synthesis as well as aldosterone synthase, but an absence of 11-β-hydroxylase. From this, the authors conclude that sex steroids and mineralocorticoids are produced in the cochlea but not glucocorticoids. However, it has been demonstrated that 11-beta-hydroxysteriod dehydrogenase (11-HSD) isoforms are expressed in the cochlea [88, 89] . 11-HSD is responsible for converting cortisol (with activity at glucocorticoid receptors) to cortisone (with little to no activity at the glucocorticoid receptors). While it remains an open question whether corticosterone is produced locally, it must be acknowledged that the likelihood of local production is high. This is suggested given that corticosterone is a necessary intermediate for mineralocorticoid synthesis, that molecules involved in earlier steps in the synthesis process for glucocorticoids are present in the cochlea, and that molecules involved in glucocorticoid degradation are located in the cochlea. Nonetheless, it is possible that aldosterone synthase does not act on local precursors but on systemic corticosterone delivered through the blood supply.
Whether or not glucocorticoids are produced locally within the cochlea, the cochlear HPA-equivalent system could be involved in other processes as well. Although classic HPA signaling involves ACTH binding to the MC2 receptor and the subsequent production of glucocorticoids, MC2R activity is not limited to promoting glucocorticoid synthesis. Indeed, MC2R is a G-protein-coupled receptor that couples to the cAMP-PKA pathway. Working through this pathway, ACTH activation of MC2R could potentially exert several effects on auditory processing beyond glucocorticoid production. In fact, the major site of MC2R expression, the inner hair cell, also hosts a potential target of ACTH-induced PKA signaling. Inner hair cells express the large-conductance potassium channel known as the BK channel [90] . BK activity is directly and intimately involved in hair cell physiological responses [91, 92] . ACTH has been shown to alter splicing of the BK channel and inhibit BK activity via cAMP-PKA signaling cascades [93] [94] [95] in other tissues (also see further discussion below). Thus, HPA-like signaling within the cochlea can have effects on cochlear function that may be unrelated to glucocorticoid synthesis.
The Role of CRF Receptor Signaling in the Cochlea
In mammals, the CRFR1 and CRFR2 genes encode the CRF receptors. The CRF receptors are classic G-protein-coupled receptors. CRF signaling activates a plethora of second messenger signaling cascades [including protein kinase A (PKA), protein kinase C (PKC), protein kinase B (PKB, also known as Akt), and the mitogen-activated protein kinases (MAPK) p42/44 and p38 via activation of numerous Gproteins and can control other signaling molecules such as calcium, nitric oxide, etc. [65] . Current evidence suggests that the pattern of G-protein activation, and therefore of specific signaling cascades stimulated by CRFR activation, may be highly divergent between tissues [65] . CRF and both CRF receptors (Figs. 1 and 3, Table 1 ) are expressed within the mouse cochlea [16, 17] . The role of cochlear CRF signaling (and by extension HPA-equivalent signaling within the cochlea) has begun to be revealed using transgenic mice lacking CRFR1 or CRFR2 (CRFR1 and CRFR2 null, respectively). These mouse models were used to examine in vivo the structural and functional consequences induced by constitutive loss of each CRF receptor gene [16, 17] , as well as through pharmacological activation of CRFR2 in an in vitro model [18] .
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revealed a 20-30-dB deficit in auditory sensitivity across all frequencies along with slightly impaired cochlear mechanics indicated by a 5-10-dB elevation of distortion product otoacoustic emission thresholds [16] . These results suggest a mixed but predominantly inner hair cell-based etiology.
Decreased Levels of Glutamine Synthetase in the Absence of CRFR1 CRFR1 is not expressed in either the presynaptic inner hair cell or the postsynaptic spiral ganglion cell. Instead, it is expressed in the border cell, a support cell population that sits immediately adjacent to the medial aspect of the inner hair cells (Fig. 1) . Thus, CRFR1 is well positioned to regulate communication between these support cells and the inner hair cells, potentially exerting an indirect influence over auditory afferent transduction (Fig. 2) . It has been proposed that various cochlear support cells interact with hair cells in a manner similar to astrocyte interactions with neurons in the central nervous system, and one potential interaction involves glutamate recycling via the glutamateglutamine cycle [96, 97] . In the cochlear version of this cycle, glutamate is cleared from the synaptic cleft via the glutamate transporter GLAST, which is expressed by the border cell. Glutamate is then broken down to glutamine via the enzyme glutamine synthetase (GS). Glutamine is shuttled back to the inner hair cell where it is used to synthesize glutamate. In this manner, excitotoxicity is avoided by sending the precursor of glutamate back to the IHC to ultimately replenish the glutamate neurotransmitter pool. There is a 50% reduction of cochlear GS levels in CRFR1 null mice compared to wild-type mice, suggesting a deficiency of glutamate-glutamine cycling and potentially reflecting a reduced ability to convert glutamate taken up from the synapse into glutamine. In turn, this deficiency may lead to decreased glutamate recycling in the inner hair cell and thus a rundown of neurotransmitter supply in the face of frequent stimulation. It is possible that such a rundown contributes the hearing deficiency observed in CRFR1 null mice. It should be noted, however, that GS expression was examined in whole cochlear lysates and therefore may not reflect processes occurring specifically at the afferent synapse. Recent work demonstrated activity of the excitatory amino acid transporter, GLAST, in fibrocytes lining the lateral wall and suggests a role for these cells in regulating glutamate homeostasis [98] . It follows that glutamine synthetase may also be expressed in these cells as well to regulate glutamate recycling. If so, the GS deficiency observed in CRFR1 null mice might reflect Fig. 2 CRF signaling and HPA effects on the cochlear afferent synapse. a CRFR1 expressed on the border cell adjacent to the inner hair cell regulates glutamate-glutamine cycling by promoting expression of glutamine synthetase (GS). In the absence of CRFR1, GS levels are significantly reduced suggesting impaired glutamateglutamine cycling and, by extension, impaired afferent function. The specific ACTH receptor melanocortin receptor 2 (MC2R) is expressed specifically in the inner hair cell, suggesting an important convergence of HPA signaling here. ACTH may modify the activity of the largeconductance potassium channel (BK) by signaling through MC2R and the cAMP-PKA cascade as has been shown in other tissue. Potential CRF signaling-based modulation over BK expression/function afferent activity could establish this signaling system as an important modulator of cochlear afferent function. Additionally, stimulation of MC2R at the IHC may lead to production and release of glucocorticoids, which could have an impact on glutamine synthetase expression and thereby impact the glutamate-glutamine cycle. b Release of Ucn1 from the lateral efferent terminals and/or release of CRF from the inner hair cells alters the molecular composition of the AMPA-class glutamate receptors. CRF-related signal modification of the degree to which GluRs include GluR2 subunits may help determine the basal cochlear sensitivity and stimulus encoding problems that extend beyond the local confines of the inner hair cell-ganglion cell afferent synapse, representing a more global role in cochlear glutamate homeostasis.
CRFR1 null mice are deficient in circulating corticosterone levels due to atrophy of their adrenal cortex [99] . Therefore any glucocorticoid-dependent processes altered in the cochlea of CRFR1 null mice could result from either local or systemic glucocorticoid depletion. A glucocorticoid-response element is present on the promoter of the glutamine synthetase gene, suggesting that the reduced levels of GS observed in the CRFR1 null mice could result from deficient glucocorticoid activity [100] . To distinguish whether or not the decrease in GS was a glucocorticoid-dependent effect, GS levels were evaluated in wild-type and CRFR1 null mice administered corticosterone in their drinking water beginning at embryonic stages. Glucocorticoid treatment rescued GS expression in CRFR1 null mice [16] , indicating that CRFR1-mediated changes in cochlear GS expression depend on signaling through glucocorticoids. However, the endogenous source of the glucocorticoids (local or systemic) acting on the cochlear GS gene remains elusive. Nonetheless, this finding is particularly interesting since it implicates a novel target in glucocorticoid-mediated effects on audition. Though synthetic glucocorticoids have been administered in the clinic for various auditory deficits, their mechanisms of action have remained largely unknown. The work presented here reveals one possible signaling system mediating glucocorticoid effects on auditory function and protection.
Elimination of CRFR1 Yields Defects in Afferent Fiber Targeting, Highlighting a Possible Role for CRF Signaling in Dendritic Development of Spiral Ganglion Cells
Evidence suggests a developmental role for CRFR1 signaling in shaping afferent innervation to inner hair cells [16] . CRFR1 null mice exhibit an abnormal distribution of afferent synapses along the inner hair cell, with presynaptic ribbons and postsynaptic ganglion cell dendrites tending to cluster on the modiolar side of the inner hair cell. This clustering could have important ramifications for afferent function and may represent the major cause of auditory impairment in the CRFR1 null mice. Synaptic placement along the modiolar-pillar axis of the inner hair cell has been shown to correlate with different postsynaptic activity of the ganglion cell fibers. In the cat cochlea, synapses localized on the modiolar side of the hair cell exhibit low spontaneous rates and high response thresholds, while synapses localized on the pillar side exhibit high spontaneous rates and low response thresholds [101, 102] . Similar properties have been found relating fiber innervation of pillar/modiolar inner hair cell face and their physiological responses in the mouse cochlea [103] . Therefore, the modiolar bias of synaptic distribution observed in CRFR1 null mice might indicate loss of low threshold (pillar side) fibers with sparing of the high threshold (modiolar) fibers, potentially explaining their high ABR thresholds.
In addition to modiolar-pillar localization defects in the CRFR1 null mice, inner hair cells were significantly smaller than those from homologous regions along the cochlear spiral of wild-type mice. While the number of synaptic ribbons was not altered in the CRFR1 nulls, the smaller inner hair cell soma induced a tighter packing of the ribbons. Though currently untested, it is highly probable that calcium microdomains normally surrounding the ribbons [104] [105] [106] may be distributed so close to each other in the CRFR1 null inner hair cells that they interfere with function of the more closely spaced neighboring ribbons, perturbing the tight coupling between activity at a single ribbon and firing in a single postsynaptic cell. Since the ABR measured and used to assess auditory threshold is the sum of synchronized responses of numerous ganglion cells synapsing with an individual inner hair cell, lack of sufficient spatial segregation of ribbons may result in abnormal recruitment of ribbon activity in response to inner hair cell depolarization, loss of postsynaptic response synchrony [107, 108] , and therefore decreased thresholds measured with ABR techniques.
CRFR2
Loss of CRFR2 Enhances Auditory Sensitivity While Also Generating a Greater Susceptibility to Noise-Induced Hearing Loss
In contrast to the lower auditory sensitivity of the CRFR1 null mice, CRFR2 null mice exhibit ABR thresholds that are 20-25 dB lower than wild-type mice and distortion product otoacoustic emission thresholds that are 10-15 dB lower than wild types [17] . The lower distortion product thresholds suggest that enhanced cochlear amplification (via increased outer hair cell activity) contributes to some, but not all, of the hypersensitivity observed in these mice (since the increase in distortion product emissions is about half of the ABR threshold change). At least some portion of the hypersensitivity may also originate from changes in afferent transduction and/or neurotransmission. In addition to the greater sensitivity induced by loss of CRFR2, noise exposure induces approximately twice the permanent threshold shift compared to wild-type mice [17] . In CRFR2 null mice, the ABR threshold shift that occurs following noise exposure is not accompanied by a significant change in distortion product threshold, suggesting a predominantly afferent mechanism underlying the noise-induced hearing loss. Remarkably, noise-induced threshold shifts (i.e., loss of sensitivity) in CRFR2 null mice occurred with sound intensities as low as 50 dB [17] , the intensity of quiet human speech.
Glutamate Receptor 2 Subunit Expression Changes in CRFR2 Null Mice
Using immunofluorescence, CRFR2 was localized to areas where it can impact postsynaptic responses to inner hair cell afferent transmission [17] . Afferent transmission in the cochlea is mediated by glutamate released from the inner hair cells binding to AMPA-type glutamate receptors expressed on the postsynaptic surface of spiral ganglion cell dendrites [109] . With respect to AMPA-class glutamate receptors, the mature cochlea expresses the GluR2, 3, and 4 receptor subunits [110] . Examination of GluR expression in CRFR2 null mice surprisingly revealed that when reared under quiet conditions (sound chamber isolated environments), CRFR2 null mice express 50% less GluR2/3 than wild-type mice but similar levels of GluR4. When raised in an environment exposed to constant low to moderate level noise, CRFR2 null mice express similar levels of GluR2/3 as wild-type mice but 80% more GluR4 [17] .
Little is known regarding the contribution of each type of AMPA receptor subunit to overall receptor function and afferent transmission in the cochlea. Nonetheless, some hypotheses (Fig. 2) can be formulated to account for how the observed changes in GluR expression following loss of CRFR2 expression could lead to the afferent physiological phenotype in CRFR2 null mice. Previous studies reveal that the majority of GluR2 subunits expressed in the mature rat cochlea are in the edited form and therefore, when incorporated into AMPA receptors, render the GluR complex calcium impermeable [110] . Additionally, incorporation of edited GluR2 confers other properties to the receptor including reduced conductance and slower kinetics [111, 112] . Reduced levels of GluR2/3 observed in CRFR2 null mice under quiet conditions could reflect deficient expression of the GluR2 subunit (but this has yet to be directly tested) and possibly an increased pool of calciumpermeable AMPA receptors at the spiral ganglion cell surface. An enrichment of calcium-permeable receptors can lead to potentiation of glutamatergic transmission and thus the increased afferent sensitivity observed in the CRFR2 null mice under quiet conditions. Intracellular signaling cascades, particularly PKC-mediated signaling, have been demonstrated to play an integral role in activitydependent recruitment of calcium-impermeable GluR2-containing AMPA receptors to the postsynaptic surface (reviewed in [112] ). Thus, a decrease in such signaling in the absence of CRFR2, a G-protein-coupled receptor known to stimulate PKC signaling via the Gαq protein, could lead to deficient GluR2 recruitment.
It is possible that the GluR expression changes observed in CRFR2 null mice do not result from activity of CRFR2 within the ganglion cells themselves. Instead, changes in GluR2/3 expression may represent a compensatory reaction driven by some other phenomenon. For instance, given the similarities in GluR4 expression between CRFR2 null mice and wild-type mice under quiet conditions, it is possible that the decrease in GluR2/3 represents a generalized loss of AMPA receptors at the cell surface in compensation for increased presynaptic activity. Previous work has demonstrated a decrease in cell surface GluR2 expression on the spiral ganglion cells in response to excess sound in vivo or excess glutamate in vitro [113] . This decrease is assumed to reflect a general decrease in surface AMPA receptors, and it has been shown that if it is prevented through genetic hindrance of endocytosis, spiral ganglion cells are more susceptible to excitotoxic stress [114] . Thus, the observed decrease in GluRs may represent a compensatory adjustment to over-activity occurring elsewhere in the afferent transduction chain. Alternatively, if decreased GluR2/3 levels really do represent decreases in GluR2, it is possible that this reduction results from an excitotoxic response. Although paradoxical, it has been demonstrated in the hippocampus that ischemic or excitotoxic insult activates REST, a repressor protein, that represses expression of GluR2, leading to production of more calcium-permeable AMPA receptors (reviewed in [112] ). If a similar phenomenon is occurring in the cochlea, then the down-regulation of GluR2/3 under quiet conditions may represent an early sign of excitotoxic stress in CRFR2 null mice. Spiral ganglion cell counts in CRFR2 null mouse cochleae revealed no overt loss of postsynaptic cells following 10 days of noise exposure. However, afferent cell damage may initially be subtle, involving only loss of synaptic contacts that is followed by loss of ganglion cells over a period of months to years [14] .
Glutamate Receptor 4 Subunit Expression Changes in CRFR2 Null Mice
Under noise conditions, GluR4 expression increases 80% in CRFR2 null mice, and this increase may reflect an exaggeration of a normal process. Wild-type mice also exhibit a slight increase in GluR4 expression under noise conditions concurrent with a dramatic drop in GluR2/3 levels. This suggests that the majority of AMPA receptors expressed contain GluR4, and suggests the presence of GluR4 homomeric complexes. Experiments examining the tonically active synapses between photoreceptors and second order cells in the salamander retina demonstrate that these synapses avoid desensitization via use of presynaptic ribbons and postsynaptic AMPA receptors composed only of GluR4 [115] . Synaptic ribbons provide multiquantal release, enabling longer durations between release events. GluR4 homomeric receptors are quick to desensitize to glutamatergic stimulation, but also are quick to recover, enabling full recovery of receptor activity between release events. Thus, enrichment of GluR4 subunits endows the AMPA receptor with a full operational range in the presence of tonic stimulation. Like the retinal synapses, the afferent synapse in the cochlea is spontaneously active at all times and employs presynaptic ribbons for glutamate release. Perhaps the fast and sensitive desensitization kinetics of GluR4-enriched AMPA receptors limits postsynaptic current in the face of constant sound and allows the cochlea to maintain a dynamic signaling range with tonic stimulation. By extension, the exaggerated increase in GluR4 observed in CRFR2 null mice under noise conditions could account for the observed hearing loss compared to wild-type mice. However, this proposal contradicts work from other systems suggesting that GluR4 enhances postsynaptic currents and is therefore recruited for synaptic strengthening. In the early post-natal hippocampus, recruitment of GluR4 to silent synapses precedes recruitment of the other GluR subtypes and leads to a sustained increase in neuronal activity [116] . Similarly, studies comparing response properties of corticothalamic targets reveal that the neurons in the reticular nucleus exhibit a 2.6-fold larger postsynaptic response to corticothalamic stimulation than relay neurons, and this increase in activity correlates with enriched GluR4 subunit expression in the reticular nucleus [117] . These findings would suggest that the exaggerated elevation of GluR4 levels in CRFR2 null mice should lead to increased afferent activity under noise conditions, unless there was acute excitotoxic damage to the afferent synapses rendering them nonfunctional. Spiral ganglion cell counts suggest that there is no overt loss of afferent neurons. However, the synaptic microstructure, including ribbons and postsynaptic contacts, was not examined. Thus, the exact consequence of CRFR2 control over GluR4 expression remains to be more completely described.
CRFR2 Influences Connexin Expression in the Adult Cochlea: Potential Ramifications for Purinergic Signaling and Impacts on Endocochlear Potential Control
Support cells in the cochlea release ATP through connexin hemi-channels on their surface [118] . This ATP release increases following even brief sound exposure [119] . Though a direct link between ATP release and auditory sensitivity has not been demonstrated, several studies implicate purinergic signaling as a mechanism modulating sensitivity to sound. When ATP is released from support cells into the endolymph, it exerts two main effects. The first is a reduction of the potassium concentration in the endolymph, reducing the endocochlear potential that drives hair cell mechanotransduction. The endocochlear potential (approximately +80 mV in mice) reflects a potential difference between the endolymphatic space within the scala media and surrounding compartments [120] . This potential difference creates a steep electrical gradient important for auditory mechanotransduction. Positive charge will readily flow out of the endolymph into surrounding tissue such as the sensory hair cells where it elicits a depolarization. Reduction of endolymphatic potassium concentration is accomplished through activation of P2X2 channels along the cochlear duct. These channels are ligand-gated cation permeable ion channels that provide a potassium sink, allowing potassium to flow out of the endolymph [121] to enter the potassium-recycling stream that normally brings potassium back to the endolymph (Fig. 3) . Also, activation of the G-protein-coupled receptor, P2Y4, triggers PKC-induced phosphorylation of the IsK (KCNE) auxiliary subunit, thereby inhibiting activity of the [167] KCNQ1/ISK complex that enables potassium entry into the endolymph [122] . In addition to reducing endolymph potassium, the second effect of ATP release is to decrease outer hair cell motility, thereby disrupting cochlear amplification and decreasing auditory thresholds (sensitivity). This effect relies on both P2X and P2Y type receptors expressed in the outer hair cells [118] .
Connexin Expression is Decreased in CRFR2 Null Mice under Quiet and Noise Conditions
Connexins 26 and 30 (Cx26 and Cx30) are decreased in CRFR2 null mice compared to wild-type mice. Cx26 and Cx30 are the major connexins expressed in support cells lining the cochlear duct, and they form the connexin hemichannels through which ATP is released [118, 123] . While still speculative, a decrease in Cx26 and Cx30 expression should lead to fewer connexin hemi-channels at the support cell surface, resulting in deficient ATP release in CRFR2 null mice.
CRFR2 Null Mice Exhibit Increased Expression of Purinergic Receptors under Quiet Conditions
Related to CRFR2 null induced changes in connexin hemichannel expression, an evaluation of purinergic receptor expression revealed a slight increase in P2X2 and a significant increase in P2Y4 under quiet conditions [17] . While seemingly paradoxical in light of the suppressive effect of purinergic signaling on endocochlear potential and the auditory hypersensitivity observed in CRFR2 null mice, the up-regulation of purinergic receptors may represent compensatory reactions to impaired ATP release. Importantly, this suggests a modulatory action of CRFR2 activity on purinergic receptor expression. Interestingly, P2X2 and P2Y4 expression in CRFR2 null mice returns to wild-type levels under noise conditions, coinciding with a significant increase in CRFR2 null connexin expression from quiet to noise (toward the levels observed in wild-type mice). If changes in connexin expression correlate with changes in ATP output, then perhaps the increase in connexin expression in CRFR2 null mice under noise conditions is enough to drive ATP release toward normal wild-type levels. As a result, compensatory changes in P2X2 and P2Y4 expression are no longer necessary to make up for deficient ATP release, and the expression of these receptors falls back to normal, wild-type levels.
Potential Links between Deficient Purinergic Signaling and Function
The auditory physiology in CRFR2 null mice, showing both decreased DPOAE thresholds and decreased ABR thresholds, is suggestive of a change in endocochlear potential. An increase in endocochlear potential would increase electrochemical drive through both the inner hair cells and outer hair cells, thereby enhancing the sensitivity of both afferent transduction and cochlear amplification. In particular, enhancement of afferent transduction (reflected in ABR thresholds) would be more pronounced than enhancement of cochlear amplification (reflected in the DPOAE thresholds) given the compound effect of potentiating cochlear amplification and electrochemical drive on the afferent inner hair cell. Therefore, in response to an increase in endocochlear potential, one would expect to see changes similar to those observed in CRFR2 null mice-a slight decrease in DPOAE thresholds accompanied by a more substantial decrease in ABR thresholds. Although it is possible for CRFR2 to influence endocochlear potential through a variety of mechanisms (Fig. 3) , its expression is most abundant in support cells lining the cochlear duct, suggesting involvement of these cells in producing the observed physiological phenotype. These cells are thought to influence endocochlear potential via ATP release (described above), and therefore it is probable that CRFR2 activity influences endocochlear potential by modulating ATP release from support cells lining the cochlear duct, linking the observed changes in connexin expression to the auditory physiology.
Emerging data thus suggest that CRF signaling modulates connexin expression in the cochlea. While the connexin/purinergic receptor signaling system can control auditory sensitivity, and may be involved in protection of the cochlea from noise-induced hearing loss, the importance of connexins for "hearing" (i.e., the summed activity of the cochlea as a whole and the transmission of neural code to the brain) has also been well appreciated. For example, connexin mutations account for over 50% of inherited non-syndromic deafness cases [52] .
Evidence from Other Systems Supports a Role for CRF-Induced Changes in Connexin Expression in Health and Disease
The interaction between CRF signaling and connexin expression described in the cochlea correlates with work in other tissue/organs including uterine smooth muscle and the brain. CRF is a key factor regulating the onset of labor, and an important event at the onset of labor is initiation of uterine contractions. These contractions require cell-cell communication via gap junctions composed of connexin 43 (Cx43). Recent work demonstrates that CRF increases Cx43 in uterine muscle through an activator protein 1 (AP1)-dependent mechanism [124] . Other experiments demonstrate CRF-induced increase of Cx43 in the IMR32 neuroblastoma cell line and in astrocytes within the hippocampus. This increase also occurs via an AP1/cFOSdependent mechanism and mediates CRF-induced protection of both neuroblastoma cells and hippocampal neurons against oxidative stress [125] . Of note, experiments performed in astrocyte/neuron co-cultures reveal that CRF protects neurons by up-regulating Cx43 in astrocytes, suggesting a supportive interplay between astrocytes and neurons that is regulated, in part, by CRF signaling.
CRFR2 Signaling is a Significant Component of the Endogenous Cell Stress-Response Protective Mechanism of the Cochlea
As described above, data suggest that CRF (or possibly another CRF peptide) acts on support cells expressing CRFR2 to influence connexin expression, which, similar to astrocytes in hippocampal cultures, may have important implications for the survival of the cochlea's sensory hair cells in the face of oxidative stress. Other data have indicated that abnormal expression of CRFR1 and CRFR2 lead to altered auditory sensitivity and, following loss of CRFR2 activity, significantly greater susceptibility to noiseinduced hearing loss. Noise-induced damage to the cochlea that results in hearing loss is thought to result from oxidative stress caused by accumulation of reactive oxygen species within cochlear tissue. Recent data has revealed an important anti-oxidative role of CRFR2 in OCK-3 cells, an immortalized cochlear cell line. Cells treated with Ucn2, a CRFR2-specific ligand, prior to incubation with H 2 O 2 or gentamicin (an ototoxic aminoglycoside class antibiotic still in use in the clinic) showed significantly reduced ROS production compared to control cells, and this effect was blocked by CRFR2 antagonists [18] . Therefore, CRFR2 appears to prevent oxidative stress in cochlear cells and, as described in other systems, modulation of connexin expression may contribute to this antioxidant effect. In this light, connexin deficiency in CRFR2 null mice may indicate an impaired ability to mount a survival response in the face of oxidative stress, leaving hair cells more susceptible to damage, suggesting one mechanism by which the greater susceptibility to noise-induced hearing loss, even at very mild noise levels, occurs. Also, connexins are the building blocks of gap junctions and the avascular organ of Corti depends on exchange of nutrients and biochemical messengers through these gap junctions for normal function [126, 127] . Specifically, Cx30 null mice exhibit impaired glucose transfer between support cells, and this leads to an increase in production of free radicals within the organ of Corti [127] . Thus, deficient connexin expression in CRFR2 null mice may cause free radical production due to insufficient nutrient exchange, and it may also impair the ability to cope with these free radicals.
In addition to the role CRFR2 signaling seems to play in handling ROS accumulation in response to ototoxic drug challenge, results have also shown that CRFR2 activity prevents aminoglycoside-induced caspase-3 activity [18] . Thus, activity of typical cell death pathways seems to be inhibited by CRFR2 activity. The significance of CRFR2 activation in OCK3 cochlear cell line was further revealed using a quantitative differential mass spectrometry approach [18] . Protein expression was compared between gentamicin stimulated cells and CRFR2 pre-stimulated cells that were then challenged with a gentamicin application. In general, apoptosis-related proteins were up-regulated following exposure to gentamicin, but were down-regulated in cells that were first pre-treated to activate CRFR2 and which were then treated with the same dose of gentamicin. Proteins involved in cell survival (for example, growth factors and proteins involved in cell-cell adhesion) and proteins involved in protein degradation (presumably clearing misfolded proteins resulting from cellular stress) were up-regulated under CRFR2 pre-treatment followed by gentamicin challenge, while these proteins were down-regulated under gentamicin only exposure.
A more directed examination of a number of cell signaling pathways revealed that the AKT/PKB signaling pathway was altered following loss of CRFR2 expression [17] . Basal AKT1 expression is approximately 60% lower in CRFR2 null mice in both quiet and noise conditions compared to wild-type mice. AKT/PKB signaling is involved in numerous cellular functions, including control over apoptotic events and cellular protein synthesis pathways. Thus, CRFR2 signaling is likely to modulate very basic cellular functions that seem to have an impact on survival in the face of environmental and ototoxic drug challenges. CRF signaling in general may therefore represent a physiologically significant endogenous cellular stress-response system for cochlear homeostasis.
A Working Model of CRF Signaling in the Cochlea
Neural Signaling
The evidence for CRF-mediated neuromodulation builds upon a robust literature describing CRF as a neuromodulator in the central nervous system. In particular, CRF signaling exerts powerful affects on glutamatergic potentiation in the amygdala and hippocampus, leading to behaviors such as drug addiction, anxiety, and fear-associated learning and memory. There are three major avenues by which CRF signaling can influence afferent transduction and neural processing (schematically represented in Fig. 2 ) in the cochlea. First, CRFR2 expressed in the postsynaptic afferent dendrites could be stimulated by input from CRF expressed in and released from the inner hair cell as well as via autocrine signaling from the spiral ganglion cell fibers, and finally from Ucn1 expressed in and released from the lateral efferent terminals synapsing on the afferent dendrites. The net effect of CRFR2 activation, as demonstrated by results from the CRFR2 null mice, is to modulate GluR expression and/or membrane insertion in the postsynaptic ganglion cell. Under normal conditions, this ultimately leads to a decrease in acoustic sensitivity and a resistance to noise-induced hearing loss due to blunting of excitotoxicity. Second, CRFR1 expressed in the border cell next to the presynaptic inner hair cell is in position to receive input from CRF expressed in and released from the inner hair cell and the spiral ganglion cells (and possibly Ucn1 from the lateral efferents). CRFR1 activation in the border cells can lead to increased expression of glutamine synthetase, thereby sustaining the glutamate-glutamine cycle between inner hair cells and their neighboring support cells. Based on the phenotype resulting from loss of CRFR1 expression, the net effect of normal CRFR1 activation is an increase in acoustic sensitivity. Third, MC2 receptors expressed by the inner hair cell could receive autocrine input from ACTH expressed in the inner hair cell as well as paracrine input from ACTH expressed in more distant support cells. ACTH can exert a variety of effects on the inner hair cell by signaling through MC2R and the cAMP pathway to which it is linked. Since CRFR1 is not expressed by inner hair cells [16] , ACTH activation of cAMP signaling (via the MC2R) may represent a major avenue by which to activate this system. One potential effect of ACTH-induced MC2R activity is modulation of BK potassium channel activity. BK channels are a major regulator of presynaptic afferent transduction by the inner hair cells. This potassium channel is important for inducing membrane potential hyperpolarization in response to calcium and voltage increases, and therefore helps to repolarize cells following excitation. In the cochlea, BK activity is crucial for enabling repetitive firing in response to sustained stimuli [128] . Intriguingly, experiments on cells isolated from other tissues demonstrate a reciprocal activity between BK and HPA signaling involving both transcriptional and post-translational modifications in BK channel activity in other tissues and suggest potential mechanisms by which ACTH may influence BK activity and, by extension, cochlear function. BK null mice demonstrate a significant stress-induced hypo-responsiveness that is associated with a significant decrease in plasma levels of ACTH and glucocorticoids. This was also associated with decreased activation of the hypothalamic paraventricular neurons and basal CRF expression [90] . Since primary corticotrope cultures generated from BK null mice were able to release ACTH [90] , BK activity seems most intimately involved with ACTH release via its effects on basal CRF expression. In pituitary corticotropes, CRF signals through the PKA second messenger system to inhibit BK activity. Iberiotoxin, a selective BK channel blocker, abolishes the glucocorticoid inhibition of CRF-induced ACTH secretion, suggesting a role for BK activity in controlling consequent ACTH release [90, 93] . Conversely, data suggests that glucocorticoids counter this inhibition via fast, non-genomic mechanisms to hold cells in a hyperpolarized state and prevent ACTH secretion. Finally, ACTH, via its stimulation of glucocorticoid release, has been shown to promote the inclusion of the stress-related exon (STREX) in the BK channel transcript in chromaffin cells [95, 129] . This is of special interest for further understanding the role of CRF signaling in the cochlea because BK channels possessing the STREX component activate faster and at more negative voltages, and deactivate more slowly than BK channels without STREX inclusion [129] . This could have profound effects on inner hair cell function by way of regulating intrinsic excitability of these cells. In theory, activation of MC2R also leads to glucocorticoid synthesis, and the resulting glucocorticoids can then stimulate numerous targets within the cochlea, particularly the spiral ganglion cells and the inner border cell. Synergistically, ACTH released from the inner hair cell could bind MC2R in spiral ganglion cells and exert effects there including local glucocorticoid activity.
Support Cell Signaling
The evidence for CRF signaling in support cells adds to a limited knowledge of the roles in auditory function and protection of this large, heterogeneous cell population. In particular, it suggests a molecular mechanism for maintenance of cochlear homeostasis via support cell function, and their role in protecting against cellular stress. This finding compliments earlier descriptions of calcium waves that extend through support cell networks in response to hair cell damage. It has been suggested that these calcium waves represent a cell-stress signal that is communicated across the region of injury [130, 131] . Given that CRF represents the quintessential stress signal of the body, the demonstration of a CRF based HPA-equivalent signaling system in cochlear support cells helps confirm a major role for these cells in responding to stress. Understanding the nature of this stress response may provide useful knowledge of endogenous mechanisms conferring resistance to NIHL, and may therefore lead to novel methods and therapeutic strategies for prevention of hearing loss.
There are two major ways in which CRF signaling can influence support cell activity. First, CRF signaling modulates connexin expression, potentially leading to changes in ATP release through connexin hemi-channels, and in potassium recycling from perilymphatic compartments back to the scala media, which contains the potassium rich endolymph (Fig. 3) . In the adult cochlea, CRFR2-induced changes in Cx26 and Cx30 expression may be important for suppressing endocochlear potential, thereby dulling sensitivity to sound, and also in mounting a response against oxidative stress. Second, CRF signaling may regulate HPA components expressed in support cells. In particular, POMC and ACTH co-localize with CRFR1 in both the inner sulcus cells and the lateral support cells (Fig. 1) . The complete role(s) of this HPA-equivalent signaling system in the cochlea remain to be fully elucidated; however, we propose that it represents a local stress response system similar to that observed in the skin [76, 132] . The localization of the ACTH receptor, MC2R, to the inner hair cell and spiral ganglion cell suggests that the majority of support cell HPA signaling converges on the afferent system to influence activity there.
Relevance of Cochlear HPA-Equivalent Signaling to Human Disorders
Prior investigations have revealed altered acoustic sensitivity accompanying dysfunctional stress-response system function. For example, early clinical studies demonstrated hypersensitive hearing in patients with Addison's disease, a condition in which ACTH and cortisol are under-produced [43] . Interestingly, studies have also demonstrated abnormal auditory processing in depressed patients, and a recent study reveals hypersensitive hearing in patients with posttraumatic stress disorder (PTSD), a condition associated with hyperactivity of the stress system [133] . The fact that disorders causing opposing effects on the stress axis yield similar auditory phenotypes most likely reflects the complicated nature of the interaction between systemic stress response and auditory function. Of particular interest for understanding the role of the HPA-equivalent system expressed locally within the cochlea are disorders that could cause local changes in stress hormone signaling within the cochlea separate from global effects on the systemic stress system. Most of the genetic alterations reported for CRF or the CRF receptors in humans are single nucleotide polymorphisms, and these have not yet been correlated with auditory dysfunction. However, some disorders are associated with overt changes in expression of CRF or its receptors. Rett syndrome, for instance, is a sex-linked developmental disorder causing mental retardation and autistic symptoms. It results from a genetic mutation in a transcriptional repressor, MeCP2. CRF is a target of MeCP2 repression, and therefore Rett syndrome leads to increased CRF expression [72] . Mouse studies suggest that this increase in CRF contributes to the anxiety associated with Rett syndrome. Hearing deficits have also been described in patients with Rett syndrome [134] [135] [136] . Loss of MeCP2 activity affects several genes associated with auditory development and function, such as brainderived neurotrophic factor (BDNF) [137] . However, it will be critical to determine to what extent the elevated CRF expression is causal to the auditory phenotype. The opposing and balancing effects of the CRF receptors on auditory function make it difficult to precisely determine how excess CRF could lead to hearing impairments. One mechanism may involve a compensatory down regulation of CRFR1 (as has been demonstrated in the brain during exposure to exogenous CRF). This would shunt CRF signaling toward CRFR2, which typically acts to dull auditory sensitivity as indicated by the hypersensitivity exhibited by the CRFR2 null mice. Alternatively, elevated CRF may lead to changes in cochlear development, a possibility suggested by the morphological findings with CRFR1 null mice.
A chromosomal deletion of the region containing the CRFR1 gene has also been described. The resulting disorder is referred to as 17q21.31 microdeletion syndrome [138] . Some patients with this disorder experience auditory impairment. However, any potential sensory-neural deficits are confounded by conductive hearing loss due to chronic middle ear infection (otitis media) experienced by these patients. Given the auditory phenotype observed in the CRFR1 null mice, it may seem strange that this chromosomal deletion syndrome does not lead to a more substantial and more pervasive auditory impairment among patients. However, it should be noted that this disorder results from a copy number variation-patients lose one copy of the genes in that chromosomal region, but not from the other chromosome. Therefore, with one functional copy of CRFR1 remaining, auditory defects may not be as robust in these patients as expected based on studies in CRFR1 homozygous null mice, which clearly possess no functional copies of the CRFR1 gene. Nonetheless, it would be interesting to observe how auditory thresholds across a population of 17q21.31 deletion patients compare to normal population thresholds. More subtle auditory deficits may emerge in such a study, even if auditory sensitivity does not fall outside the range of what is considered clinically normal.
Similarly, CRFR1 and CRFR2 polymorphisms have been implicated in a variety of conditions including asthma, obesity, depression, and alcoholism [139] [140] [141] [142] . A clinical study evaluating the genotype of patients presenting with auditory deficits has yet to be performed to determine if CRFR1 and CRFR2 polymorphisms show any correlation with abnormal auditory function. Linked to such a clinical investigation, a longitudinal study following populations of people with such polymorphisms designed to evaluate whether they show increased susceptibilities to noise or age-related hearing loss would help round out the role of the cochlear HPA-equivalent signaling system in human audition.
Finally, as humans age, hearing function generally decreases. This condition, known as presbycusis or simply age-related hearing loss, has been estimated to affect 30-35% of the population aged 65-75 years, and 40-50% of those individuals aged 75 years and greater. The causes of presbycusis are multi-factorial and include both genetic and environmental factors [143] . Hearing dysfunction finally arises from either loss of the sensory hair cells of the cochlea (sensory presbycusis) or altered blood flow to the cochlea (strial presbycusis) [144, 145] . Interestingly, T-type calcium channel blockers that are used as anticonvulsant drugs seem to offer therapeutic advantage in delaying agerelated loss of spiral ganglion cells and protecting against noise-induced hearing loss [146, 147] . Because presbycusis is considered to be the endpoint of cumulative insults over the lifetime of the individual, a system such as CRF signaling and the cochlear HPA-equivalent system may play a role in delaying or, in the case of dysfunction of the system, hastening the occurrence of presbycusis. Because the revelation of CRF signaling, and more globally the existence of a cochlear HPA-equivalent system, is so recent, there is currently no known link between dysfunction of the cochlear CRF signaling system and presbycusis.
Putting Local HPA-Like, CRF-Based Signaling into a Larger Context
The inner ear develops from the otic placode, which is a thickening of head ectoderm. The head ectoderm itself is a simple cuboidal epithelial structure situated above a basal lamina. As the otic placode develops, it ultimately invaginates, first forming the otic pit, and finally, as it continues to sink and become pinched off from the surface, it develops into the otic vesicle (also termed the otocyst). Thus, the otic vesicle is essentially an epithelial cyst. All of the cells that will develop and differentiate to generate both early and adult inner ear structures are derived from the epithelial wall of the otocyst (reviewed in [148] ).
It can be generally agreed that evolution tends to find solutions to problems and then adapt such solutions for other problems. Thus, the cochlea is considered to be an offshoot of the vestibular apparatus and to have emerged with the transition of life from water to land environments (for review, see [149] ). In a similar manner, cell-signaling systems can be traced from early origins to sophisticated modern examples. Of special interest is that the cochlea and the skin have been shown to share what at first inspection might be viewed as some very unusual signaling systems. Thus, hair cells express an evolutionarily ancient acetylcholine nicotinic class of receptor subunit genes: the chrna9 and chrna10, which encode the α9 and α10 proteins. These genes are expressed in peripheral tissues, but to date have not been demonstrated in the brain. However, they are expressed in some peripheral neurons, such as those of the dorsal root ganglia [150, 151] . Evidence suggests that these genes are involved in modulating cell-cell adhesion in both the inner ear and keratinocytes, and loss of function results in abnormal synapse formation in the cochlea [152] and potentially greater susceptibility to blistering diseases (acantholysis) of the skin, such as pemphigus vulgaris [153] [154] [155] [156] [157] .
In a similar manner, CRF and associated signaling molecules have been localized in the skin (reviewed in [76, 132, 158] )), and it has been suggested that HPA-like signaling may have originated there and been co-opted and refined with the evolution of the nervous system [159] . From a functional perspective, activation of the cutaneous CRF system can be exerted by pro-inflammatory cytokines [160] [161] [162] as well as by POMC derivatives [163] . While it is tempting to immediately assign a protective role against inflammation to CRF signaling, regulation, and therefore function, of the system is highly dependent on the cellular context within which the local system exists. For example, in keratinocytes, CRF signaling is pro-inflammatory due to weak coupling between CRFR1 and cAMP and POMC activity [163, 164] . However, in melanocytes, CRF signaling is anti-inflammatory, effectively inhibiting NF-κB via POMC-induced activity [165] , among other mechanisms. Therefore, critical attention must be paid to downstream protein-protein interactions when assessing the role of CRF signaling in any local context.
With respect to a comparison of skin with inner ear, one can recognize basic similarities between the two systems. Most importantly, both are open to and constantly stimulated by the environment. Both are evolutionarily quite old and play important roles in survival of the species. Thus, there must be mechanisms that ensure homeostatic balance can be maintained. From a cellular perspective, both are epithelial structures, and the inner ear has its early origins in the epithelium. Not surprisingly, therefore, it is probable that the inner ear brought with it many of the refined signaling systems of the skin while it was evolving, and maintained these systems due to the similar nature of physical challenges faced by the inner ear compared to skin. Investigation into the cutaneous HPA-like signaling system is more mature than the recently described cochlear HPA-equivalent system, and more similarities will almost surely be uncovered between these systems in the future. Given that an HPA-like signaling system has also recently been described in the retina [166] , repeated expression of signaling systems among different organs may be much more common than previously envisioned. Complete understanding of the exact role for such local HPAequivalent signaling, however, will be dependent on further evaluations of downstream signaling systems set into motion by CRFR activation.
Finally, it must be recognized that any local HPA-like system, such as that described here in the cochlea, is enveloped by the systemic (classic) stress-response system. Indeed, the evidence is good for both systems being able to alter cochlear processing. The exact interplay that occurs between the local and systemic systems awaits further investigation. It is highly likely that the systemic system can impact the local system in most cases, but the level to which systemic stress-response system activity needs to rise to induce biological change in the local system versus the level of activity needed by the local stress-response system to affect change in the local environment is a topic requiring further exploration. These thresholds may be the key to understanding the function of these local systems.
